Abstract Theiler's murine encephalomyelitis virus (
Introduction
The two most commonly studied animal models for multiple sclerosis (MS) are a neurotropic viral infection and experimental autoimmune (or allergic) encephalomyelitis (EAE; Owens 2006 ). Theiler's murine encephalomyelitis virus (TMEV) infection of mice is one of the neurotropic viral infection models for MS . Max Theiler isolated TMEV from the central nervous system (CNS) of mice with spontaneous flaccid paralysis of the hind legs in 1934 (Theiler 1934 (Theiler , 1937 . In 1952, Daniels et al. (1952) first described demyelination in the CNS of mice infected with the Daniels (DA) strain of TMEV. Lipton (1975) reawakened interest in the demyelinating disease, and since then TMEV infection of mice has been used as an animal model for MS.
Viral strains and clinical disease
TMEV belongs to the genus Cardiovirus, family Picornaviridae. This family consists of various positive-strand RNA viruses, such as poliovirus, foot-and-mouth disease virus, rhinovirus, and coxsackievirus, which induce diseases in humans and other animals (Tracy et al. 2006) . TMEV is divided into two subgroups, GDVII and TO, based on the ability to cause disease in the CNS. The GDVII subgroup (strains GDVII and FA) is highly neurovirulent for mice, resulting in death within 1 to 2 weeks [reviewed in Tsunoda and Fujinami (1996, 1999) ]. The DA and BeAn8386 (BeAn) strains of the TO subgroup induce acute polioencephalomyelitis, 1 week after infection (acute phase), and an inflammatory demyelinating disease, 1 month after infection (chronic phase) [reviewed in Tsunoda and Fujinami (1996, 1999) ]. The disease caused by DA virus differs in some ways, including infected cell types and pathology, from that induced by the closely related BeAn virus (Ure and Rodriguez 2005) . Nevertheless, the clinical course of demyelinating disease induced by both DA and BeAn viruses is, in general, chronic progressive. This is in contrast to EAE models, most of which develop monophasic or relapsing-remitting (RR) disease courses; only a few models for primary progressive and secondary progressive (SP)-MS have been established (Tsunoda et al. 2000 (Tsunoda et al. , 2005b . Unlike EAE, which is inducible in several different species, such as rodents and primates, TMEV can induce inflammatory demyelinating disease only in mice (Owens 2006) .
The WW strain, also a member of the TO subgroup, was isolated during the course of inoculating brain homogenate from human MS into mice (Wroblewska et al. 1977) . WW virus causes acute encephalitis with inclusion bodies in neurons in ICR mice, and mice that survive have cellular infiltrates in the anterior horns and dystrophic axons with spongy state in the dorsolateral region with lymphocytic perivascular cuffing (Wroblewska et al. 1977) . WW virus is presumed to be unrelated to the original tissue inoculum from MS, since: (1) asymptomatic mice can harbor TMEV in tissues, including intestine (Olitsky 1939) and (2) TMEV was also isolated by serial mouse-brain passage of a tissue inoculum from a human with Hodgkin's disease (Siegel 1961) . Unlike the DA and BeAn strains, the WW strain has been reported to produce a RR disease course in outbred CD-1 mice . Remission is followed by remyelination, mainly due to the influx of Schwann cells, in association with a lack of gliosis (Dal Canto and Lipton 1980; Dal Canto and Barbano 1984) . In contrast, there is no Schwann cell remyelination in DA infection of SJL/J mice and extensive gliosis is present (Dal Canto and Lipton 1975) . By 7 weeks post-infection with a tissue culture adapted WW virus, ICR mice, infected as weanlings, had a severe necrotizing and demyelinative myelitis (Stroop et al. 1982) .
Neuropathology

Viral infection and demyelination
GDVII virus predominantly infects neurons (Liu et al. 1967; Stroop et al. 1981; . Viral antigen-positive neurons are seen in the gray matter, including the cerebral cortex, the hippocampus, and the anterior horns of the spinal cord. Dying neurons have chromatin condensation and apoptotic (fragmented) nuclei (karyorrhexis) (Tsunoda et al. 1997) . A lack of microtubule-associated protein (MAP)-2 immunostain in the lesions indicates pathology of the dendrites ( Fig. 1a ; Zhu et al. 2003) , and axons staining positive for nonphosphorylated neurofilaments is indicative of axonal damage (Fig. 1b) . An inflammatory mononuclear cell (MNC) reaction is not prominent, but microglia activation is present in the parenchyma. The paucity of inflammatory cells in the areas in which apoptotic neurons are present is consistent with the general observation that apoptosis per se does not induce an inflammatory response (Kerr et al. 1972; Tsunoda et al. 2007a) .
During the acute phase of DA infection (1 week postinfection), the distribution of viral antigen-positive neurons and apoptotic neurons (Fig. 1c) is similar to GDVII infection, but the number of infected neurons and apoptotic neurons is smaller. In contrast to GDVII infection, parenchymal as well as perivascular and subarachnoidal MNC infiltrates, including CD3 + T cells, are present in the gray matter of the brain (Tsunoda et al. 2007a) . During the chronic phase of DA infection (a month or more after infection), the inflammation in the gray matter of the CNS subsides. Demyelination with perivascular and subarachnoidal MNC inflammation is seen in the ventral and lateral funiculi, particularly at the ventral root exit zone, of the spinal cord; the dorsal funiculus is relatively preserved ( Fig. 1d ; Ure and Rodriguez 2005) . Involvement of the fasciculus gracilis of the dorsal funiculus of the spinal cord can be detected in some mice during the late chronic phase, but the brain as well as the fasciculus cuneatus and the pyramidal tract of the dorsal funiculus are preserved (Tsunoda et al. , 2007b .
During the chronic phase, viral antigen and viral genome have been demonstrated by immunohistochemistry and in situ hybridization, respectively, in oligodendrocytes, microglia/macrophages, and astrocytes, but not in neurons. Infectious virus and viral genome were also quantified by plaque assays and reverse transcription polymerase chain reaction (PCR), respectively. In other picornaviral infections, one of the main mechanisms by which virus persists in vivo is a restriction of viral RNA replication, as a consequence of inhibition of positive-strand RNA synthesis (Girard et al. 2002) . However, using in situ hybridization, Cash et al. (1988) showed that CNS cells infected with DA virus contained 100 to 500 copies of viral RNA, and that, by quantifying positive-and negative-strand RNAs in infected CNS cells, RNA replication was blocked at the level of negative-strand RNA synthesis. Using Northern hybridization, Trottier et al. (2001) detected a large number of viral genomes (mean of 3.0×10 9 per spinal cord) in the spinal cords of mice infected with BeAn virus. The ratio of BeAn virus positive-to negative-strand RNA indicated that viral RNA replication was unperturbed in the spinal cord. Differences between DA versus BeAn viral infection of mice could explain the reported differences. Infection with DA virus results in a higher incidence of demyelinating disease, more viral RNA and more antigen-positive cells in the spinal cord than infection with BeAn virus (Zoecklein et al. 2003) .
During the chronic phase of BeAn infection, the ratio of viral RNA copies to plaque-forming units (PFU) of infectious virus isolated from infected mouse CNS was on the order of 10 6 :1, compared with a ratio of 10 3 :1 during the acute phase of BeAn infection (Trottier et al. 2001) . In vitro infection studies showed that total RNA per cell as well as the viral RNA-to-PFU ratio differed between baby hamster kidney cells, an oligodendrocyte cell line and macrophage cell lines. Thus, the discrepancy during the acute versus chronic phase can be explained by the difference in cell types infected: neurons during the acute phase versus macrophages and glial cells during the chronic phase, although contamination by serum and tissue-bound neutralizing antibody could also contribute to the higher viral RNA-to-PFU ratio during the chronic phase.
Axonal damage
Although axonal damage is observed in MS and its animal model, EAE (Shriver and Dittel 2006) , it is believed that axonal damage occurs secondarily to severe inflammatory demyelination, where myelin and/or oligodendrocytes are damaged primarily. Here, lesions develop from the outside (myelin) to the inside (axon; outside-in model; Tsunoda et al. 2007b; Geurts et al. 2009 ). However, evidence suggests that not all axonal degeneration in MS can be explained by this outside-in model, since: (1) acute inflammatory demyelination did not correlate with axonal injury in SP-MS; (2) axonal injury in MS did not correlate with the number of CD3 + T cells (Bitsch et al. 2000) ; (3) damaged axons are present not only in active demyelinating lesions, but also in remyelinating lesions and in normal-appearing white matter (NAWM), suggesting that axonal injury is independent of demyelinating activity; (4) significant reduction of axonal density has been seen in SP-MS, where there was no significant difference in axonal density in the MS plaque versus contralateral NAWM (Lovas et al. 2000) ; and (5) axonal damage occurred early during the course of MS, and damaged axons were found in the periplaque white matter without any overt signs of demyelination (Kuhlmann et al. 2002) . Magnetic resonance spectroscopy and magnetization transfer ratio analyses have found gray matter lesions (Sharma et al. 2001 ) and axonal injury in NAWM as well as normal-appearing gray matter in MS (Matthews et al. 1998; Lovas et al. 2000; Bjartmar et al. 2001; Ramió-Torrentà et al. 2006) .
In TMEV infection, axonal damage precedes demyelination (Tsunoda et al. 2003) . Here, lesions develop from the inside (axon) to the outside (myelin; inside-out model; Tsunoda et al. 2003) . One week after DA infection, damaged axons were detected in the NAWM of the spinal cord by immunohistochemistry against nonphosphorylated neurofilaments. The number of damaged axons increased over time. By 2 and 3 weeks after infection, damaged axons were accompanied by activated microglia/macrophages, but were never associated with perivascular T cell infiltration or demyelination until the chronic phase (1 month after infection). Oligodendrocyte apoptosis was also detected in the NAWM. The distribution of damaged axons observed during the early phase corresponded to regions where subsequent demyelination occurs during the chronic phase. Axonal degeneration (Dal Canto and Lipton 1975) and loss (Ure et al. 2001) have also been demonstrated during the late chronic phase, 6 to 9 months after TMEV infection. Interestingly, GDVII infection induces more severe axonal damage than DA infection ( Fig. 1b ; Tsunoda et al. 2003) . However, axonal degeneration in GDVII infection is not accompanied by macrophages, T cells, or viral antigen-positive cells.
The precise mechanism of axonal damage in the early stage of TMEV infection is not clear. The relative preservation of the dorsal funiculus suggests that axonal degeneration in the white matter of the spinal cord could result from Wallerian degeneration induced by neuronal cell death in the gray matter. The dorsal funiculus is mainly comprised of ascending tracts, whereas the ventral and lateral funiculi contain both ascending and descending tracts. During the acute phase, TMEV infects neurons and induces apoptosis, which could lead to Wallerian degeneration of the descending tracts. One could hypothesize that early axonal damage in the ventral and lateral funiculi in TMEV infection recruits inflammatory cells to sites of Wallerian degeneration, leading to demyelination. Indeed, when axonal degeneration was experimentally induced in the dorsal funiculus during the early stage of TMEV infection, inflammatory demyelination could be detected in the dorsal funiculus during the chronic phase of infection (Tsunoda et al. 2007b ). Thus, axonal degeneration itself can contribute to recruitment of inflammatory cells into the CNS, targeting demyelinating lesion development.
Although preservation of axons seems to be beneficial to hosts, a lack of or delay in axonal degeneration can be detrimental in some instances. Since TMEV can spread in the CNS via axonal transport, preservation of axons in TMEV infection may favor virus spread in the CNS. Tsunoda et al. [(2007c) ; reviewed in Penberthy and Tsunoda (2009) ] tested whether a delay in axonal degeneration could affect the disease severity in TMEV infection by comparing wild-type C57BL/6 (B6) mice to C57BL/ Wld S (Wld) mice that carry a mutation that delays axonal degeneration (Lyon et al. 1993) . While resistant B6 mice had no clinical disease, 30% of Wld mice were paralyzed during the acute phase and 50% during the chronic phase. Wld mice had increased inflammation, viral antigenpositive cells, and TMEV-specific lymphoproliferative responses, compared to B6 mice. Since TMEV can use axons to disseminate in the CNS, axonal degeneration in B6 mice could be a beneficial self-destructive mechanism that limits the virus spread, while slow axonal degeneration in Wld mice can favor virus spread. In contrast, when EAE was induced in B6 and Wld mice, Wld mice had less severe disease, compared to B6 mice (Tsunoda et al. 2007c ). Thus, axonal degeneration can play contrasting roles (beneficial versus detrimental) depending on the type of disease.
Apoptosis
Apoptosis has been suggested to play a role in the pathogenesis of MS and its animal models (Satoh et al. 2005) . Several picornaviruses have been reported to induce apoptosis, including poliovirus, hepatitis A virus, enteroviruses 70 and 71, coxsackieviruses B3 and B4, encephalomyocarditis virus, and foot-and-mouth disease virus (Agol 2002; Chen et al. 2006; Romanova et al. 2009 ). Induction of apoptosis by TMEV infection has been demonstrated in vivo by terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick-end labeling (TUNEL; Tsunoda et al. 1997 Tsunoda et al. , 2007a Buenz et al. 2009 ). During the acute phase, apoptosis was induced in neurons in both GDVII and DA viral infections (Fig. 1c) . Some TUNEL + apoptotic cells were co-labeled with viral antigen, but others were negative for viral antigen. The number of apoptotic neurons was much greater in GDVII infection than in DA infection, suggesting that this difference contributes to the TMEV subgroup-specific neurovirulence. During the chronic phase of DA infection, apoptotic cells were detected only in the white matter of the spinal cord (Tsunoda et al. 1997; Rose et al. 1998; Carlson et al. 2006) . Some of these TUNEL + cells were labeled with the oligodendrocyte-specific marker, carbonic anhydrase II, or with the microglia/macrophage marker, Ricinus Communis agglutinin I, but not with the astrocyte marker, glial fibrillary acidic protein. Apoptosis was virtually absent in perivascular infiltrates during the chronic phase of DA infection, while 8% of infiltrates were TUNEL + in acute EAE lesions (Tsunoda et al. 1997) . Apoptotic death of encephalitogenic T cells has been suggested to play an important role in remission in EAE. Thus, a failure in encephalitogenic T cell elimination by apoptosis may contribute to the chronic progressive course of DA infection.
In contrast, in BeAn infection, induction of apoptosis was reported in T cells, macrophages, and astrocytes (Palma et al. 1999; Schlitt et al. 2003) and in vitro in macrophages (Jelachich and Lipton 2005) . The early apoptosis of infected neuronal cells in the CNS may be a protective mechanism against CNS viral infection in the absence of humoral and cellular immune responses or prior to the generation of immune responses. Elimination of virusinfected host cells by apoptosis prior to the assembly of infectious virion could inhibit viral replication in the CNS (Tsunoda 2008) . Since dendritic cells have been shown to present antigen derived from apoptotic cells and stimulate major histocompatibility complex (MHC) class I-restricted CD8 + cytotoxic T lymphocytes (CTLs; Albert et al. 1998 ), induction of apoptosis in TMEV infection may contribute to induction of virus-specific CTLs. The mechanism for induction of apoptosis in macrophages by the BeAn virus is related to the activation of p53 that in turn upregulates puma and noxa and is a potential mechanism for viral persistence (Son et al. 2009 ).
Role of immune responses
Toll-like receptors Toll-like receptors (TLR) are a family of pattern recognition receptors expressed on cells that allow for the recognition of conserved structural motifs found on a wide array of pathogens, referred to as pathogen-associated molecular patterns, as well as endogenous molecules (Kielian 2006; Akira et al. 2006) . TMEV carries a positive single-stranded (ss) RNA genome and can form double-stranded (ds) RNA in the replication complex. ssRNA is recognized by murine TLR7 and human TLR8, while dsRNA is recognized by TLR3 (CD283; Crozat and Beutler 2004; O'Neill 2004) . Stimulation of both TLRs 3 and 7 causes induction of a type I interferon (IFN), which is important in controlling viral replication. Microglia infected with TMEV in vitro increased expression of TLRs 2, 3, 5, and 9 (Olson and Miller 2004) , while microglia isolated from neonatal mice express mRNAs for TLRs 1-9. Another in vitro study reported that TLR3, but not TLR7, mediates induction of chemokine and cytokine genes in astrocytic cell lines during TMEV infection (So et al. 2006) . Since TMEV infects microglia and astrocytes during the chronic phase, these studies suggest that TLRs may play a role in viral persistence. We do not know whether TLRs play a role during the acute phase of infection (real "innate" stage of infection), where TMEV predominantly infects neurons.
During the chronic phase of TMEV infection in vivo, Turrin (2008) showed significant upregulation of TLRs 2, 3, 6, 7, 8, and 9 in the CNS of SJL/J mice infected with DA virus, while TLR4 showed visual but insignificant increases in expression. More recently, using a combined microarray and immunohistological approach, an upregulated TLR4-induced pathway was found to be associated with demyelination in SJL/J mice infected with BeAn virus (Ulrich et al. 2009 ).
TLR9 (CD289) recognizes bacterial and viral DNAs that contain a high number of unmethylated CpG motifs. Although these sequences also occur in mammalian DNA, they are typically methylated and thus do not trigger TLR9-mediated signaling. demonstrated that bacterial DNA that contained multiple CpG motifs exacerbated TMEV-induced demyelinating disease, as well as EAE. Although immunization with naked plasmid DNA encoding microbial immune epitopes is a novel vaccination strategy that can induce both humoral and cellular immune responses against pathogens, CpG motifs in the plasmid DNA backbone can induce proinflammatory responses, which potentially exacerbate autoimmune diseases, such as MS. In addition, bacterial DNA encoding different antigens administered following TMEV infection could mimic a polymicrobial infection, where modulation of anti-microbial immune responses by cross-reacting epitopes has been reported (Welsh and Selin 2002) .
Antibody
Serum anti-TMEV neutralizing antibody responses are detectable within 1 week after infection and high neutralizing antibody titers are seen in mice with persistent TMEV infection . Adoptive transfer of neutralizing antibody into TMEV-infected nude mice results in viral clearance ). Thus, virus-specific antibody can play a role in viral protection and clearance in vivo.
Antigenic variation of the immunodominant epitope that is critical for neutralization provides a means of evading virus-specific antibody responses. Using neutralizing antibody, two antibody-resistant variants (escape mutants) of TMEV have been selected and mutations were found at the amino acid position 268 of viral protein (VP)1 or 101 of VP1 (Ohara et al. 1988; Zurbriggen et al. 1989 ). However, intracerebral infection with these two escape mutants caused little or no demyelination and virus did not persist. Thus, it is unlikely that the mutants are important for escape from immune surveillance leading to viral persistence.
Although serum antibody to myelin basic protein (MBP) can be found in TMEV-infected mice, sera from TMEVinfected mice did not demyelinate or prevent myelination in organotypic cultures . However, Fujinami et al. (1988) raised a monoclonal antibody, H8, from TMEV-infected mice, which reacts with TMEV and galactocerebroside (GC; molecular mimicry between TMEV and GC). GC is a major lipid component of myelin. Although in vivo administration of H8 into naïve mice did not cause demyelination, H8 administration into mice with EAE exacerbated demyelination (Yamada et al. 1990) . Serum antibodies to GC were also found in TMEVinfected mice, 10 days after infection.
CD4
+ T cells CD4 + T cells are divided into T helper (Th) 1 and Th2 subtypes, depending on their cytokine secretion profile [reviewed in (Coffman 2006) ]. Th1 cells function as mediators of the delayed type hypersensitivity (DTH) response and secrete interleukin (IL)-2, IFN-γ, and lymphotoxin (tumor necrosis factor-β). Th2 cells help in humoral immunity and secrete IL-4, IL-5, IL-6, IL-10, and IL-13. Th1 cells help in the immunoglobulin (Ig) isotype switch from IgM to IgG2a, whereas Th2 cells help in the switch to IgG1 and IgE (Coffman et al. 1986 ). These two types of T cells reciprocally regulate each other through the cytokines that they secrete.
In an autoimmune model for MS, EAE, CD4 + Th1 cells initiate inflammatory demyelinating disease. This has been proven by the evidence that adoptive transfer of myelinspecific CD4 + T cells can induce EAE in recipient animals [reviewed in Tsunoda and Fujinami (1996) ]. In contrast, in TMEV infection, adoptive transfer of T cells alone cannot induce demyelinating disease in recipient mice. Although there are many similarities between EAE and TMEV infection, one should keep in mind that there are distinct differences between the two models, including cytokine and chemokine profiles (Tsunoda and Fujinami 1996; Tsunoda et al. 2004) .
TMEV-specific CD4 + T cells play an important role in demyelination since: (1) CD4 + T cells infiltrate into demyelinating lesions; (2) in vivo depletion of CD4 + T cells diminished the severity of demyelination; and (3) TMEV-specific DTH and lymphoproliferative responses, which are mediated by MHC class II-restricted CD4 + T cells, are associated with clinical signs to some extent . One intriguing report is that after adoptive transfer of VP2 70-86 -specific Th1 cells into SJL/J mice infected with a suboptimal dose of TMEV, recipient mice had exacerbated demyelinating disease (Gerety et al. 1994b ). However, in this experiment, recruitment of TMEV-specific CD4 + T cells required intracerebral infection with TMEV. Intravenous transfer of TMEV-specific CD4 + T cells resulted in demyelinating disease only if cells were transferred into mice infected with a suboptimal dose of TMEV; transfer into uninfected mice caused no disease. This suggests that TMEV-specific CD4 + Th1 cells alone cannot induce demyelinating disease and that homing of virus-specific T cells into the CNS requires virus infection in the CNS. This has been observed in other virus infections, including lymphocytic choriomeningitis virus (LCMV) and Borna disease virus (Richt et al. 1989; Rall et al. 1995) .
Although myelin-specific T cell responses appear not to be involved in disease initiation in TMEV infection, they may play an important role during the very late chronic phase of BeAn infection (Miller et al. 1997 ). Two to 3 months after BeAn infection, T cell responses against myelin proteolipid protein (PLP) or myelin oligodendrocyte glycoprotein have been detected (epitope spreading). Although epitope spreading could be the cause of exacerbation of demyelination, it can also be the simple result of the release of myelin antigens due to the destruction of myelin sheaths via other mechanisms. Epitope spreading was first demonstrated in the EAE model as a plausible mechanism that causes remission of demyelinating disease and it may not be involved in all TMEV infection models (Miller et al. 1990 ). Despite the fact that DA infection also causes progressive demyelinating disease, epitope spreading is not seen in mice infected with DA virus (Tsunoda and Fujinami 2005) . Differences may also be due to mice receiving 9×10 7 PFU of BeAn versus 2×10 5 PFU of DA virus (more than a 400-fold difference) between some of the reports.
Dal Canto et al. (2000) tested whether PLP-specific immune responses in TMEV infection have functional significance, using spinal cord organotypic cultures (Rothstein et al. 1993) . Lymph node cells were isolated from mice, 70 days after infection with BeAn virus, stimulated with PLP 139-151 peptide or bovine MBP, and placed into the cultures. As a control, ovalbumin-specific lymphocytes were used. Lymphocytes stimulated with PLP 139-151 had the ability to demyelinate the cultures, while MBP or ovalbuminstimulated lymphocytes did not. This study suggests that the PLP-specific responses during the TMEV infection have a potential to induce demyelination.
CD8
+ T cells TMEV-specific CD8 + T cells are associated with disease resistance since: (1) resistance to TMEV infection is linked to the H-2D locus of the MHC class I genes (Clatch et al. 1985; Rodriguez et al. 1986 ); (2) transgenic expression of H-2D rendered susceptible strains of mice resistant to viral persistence (Azoulay et al. 1994; Rodriguez and David 1995) ; and (3) CD8 + CTLs recognize H-2D-restricted epitopes from the capsid proteins of TMEV. In addition, CD8 + T cells have been suggested to play an effector role in TMEV-induced demyelination since: (1) CD8 + T cells infiltrate the demyelinating lesions; (2) in vivo administration of CD8 antibody diminishes demyelination; (3) MHC class I molecules are upregulated in the CNS in TMEV-infected mice; and (4) CD4-deficient SJL mice show increased demyelination with severe neurologic deficits, while CD8-deficient SJL mice showed minimal deficits with no effect on the extent of demyelination (Murray et al. 1998 ). However, in mice that normally do not develop demyelination, elimination of MHC class I through genetic knockout of β 2 -microglobulin makes them susceptible to demyelination. TMEV infection in β 2 -microglobulin-deficient mice on SJL (Aubagnac et al. 2001; Begolka et al. 2001 ) and B6 × 129 (Fiette et al. 1993) backgrounds results in exacerbation of neuropathology with an increase in viral persistence, while preservation of neurological function correlates with axonal preservation in mice with a B6 × 129 background (Ure and Rodriguez 2002) . In addition, during the chronic phase, MHC class I-restricted CD8 + T cells have been suggested to play a role in the development of axonal damage (Rivera-Quiñones et al. 1998) .
In DA infection, detected CD8 + autoreactive CTLs from spleen cell cultures after stimulation with TMEV-infected antigen-presenting cells (APCs). These CTLs kill not only TMEV-infected but also uninfected syngeneic cells. Killing requires direct cell-to-cell contact, is mediated by the Fas-FasL pathway and is associated with IFN-γ production . The CTL clones established from the CTL cultures also have autoreactivity, and intracerebral injection of the CTL clones induces degeneration of the white matter not only in the brain but also in the spinal cord with oligodendrocyte apoptosis (Tsunoda et al. 2005a) . Furthermore, CD8 + T cell hybridomas that were generated from the T cell clones also produced IFN-γ when incubated with either infected or uninfected syngeneic target cells, and this IFN-γ production was blocked by CD8 or MHC class I antibody (Tsunoda et al. 2008 ). This suggests that CD8 + CTLs play a pathogenic role in CNS inflammatory demyelinating disease.
Viral epitope
TMEV is a non-enveloped positive-sense ssRNA virus . The viral genome is 8,100 nucleotides long. An open reading frame is first translated into a large polyprotein which is then cleaved into L (leader protein), P1 (capsid region), P2 (midsection), and P3 (right portion). The structural proteins consist of four capsid proteins, VP1, VP2, VP3, and VP4, which are encoded by P1; nonstructural proteins are encoded by P2 and P3 [reviewed in ]. The GDVII and TO subgroups of TMEV are 90% identical at the nucleotide level and 95% identical at the amino acid level.
Immune responses against capsid proteins of TMEV seem to play protective as well as pathogenic roles. Mice immunized with DNA encoding VP1 showed exacerbation of demyelinating disease after a single plasmid injection, but not after two or three injections, while DNA immunizations against VP2 and VP3 showed a dose-dependent protection against demyelinating disease induced with DA virus . In BeAn infection, immunization with VP1 or VP2, but not VP3, accelerates the onset of demyelination (Yauch et al. 1998 ).
Both T and B cell epitopes have been identified in capsid protein regions (Table 1) . Interestingly, several linear antibody epitopes overlap with T cell epitopes (Inoue et al. 1994; Usherwood et al. 1995; Kim et al. 2000) . Three predominant TMEV capsid epitopes (VP1 [233] [234] [235] [236] [237] [238] [239] [240] [241] [242] [243] [244] [245] [246] [247] [248] [249] [250] ) recognized by CD4 + T cells were identified for susceptible SJL/J (H-2 s ) mice (Yauch and Kim 1994; Gerety et al. 1994a; Yauch et al. 1995) . Immunization with the epitope peptides indicated that VP1 233-250 and VP2 [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] epitopes exacerbate the disease while the VP3 24-37 epitope does not (Yauch et al. 1998 ). CD8 + T cells from susceptible SJL/J mice infected with BeAn virus recognize one dominant (VP3 [159] [160] [161] [162] [163] [164] [165] [166] ) and two subdominant (VP1 [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] ) epitopes (Kang et al. 2002b ), while CD8 + T cells from SJL/J mice infected with DA virus recognize only VP1 11-20 (Kang et al. 2002a ). CD4 + T cells from resistant B6 mice (H-2 b ) recognize VP2 201-220 and VP4 [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] (Kang et al. 2005) , while B6 mice mount CTL responses toward VP2 121-130 , VP2 [165] [166] [167] [168] [169] [170] [171] [172] [173] (Dethlefs et al. 1997; Johnson et al. 1999 Johnson et al. , 2001 Lyman et al. 2002; Myoung et al. 2007) .
Although the VP4 protein is buried in the virion, once processed intracellularly, peptides from VP4 can be presented by MHC class I or II molecules. Indeed, in TMEV-resistant B6 mice infected with the BeAn strain of TMEV, IFN-γ enzymelinked immunospot assay and flow cytometry for intracellular IFN-γ production, using truncated peptides, indicated that one of the epitope regions recognized by CNS-infiltrating CD4 + T cells was VP4 25-38 (Kang et al. 2005 ). In addition, antibodies to VP4 of another picornavirus, poliovirus, are found to neutralize the virus at 37°C (Li et al. 1994) . Thus, it could be possible that antibodies to VP4 are produced in TMEV infection, leading to virus neutralization.
T cell receptor usage
In MS and its animal models, the roles of specific T cell receptors (TCR) and the complementarity determining region 3 (CDR3) differ among models. A preferential usage of variable (V) β chains has been reported in some forms of EAE and in MS (Burns et al. 1989; Fritz et al. 2000; Matsumoto et al. 2003; Matsumoto 2005) . Similarly, clonal expansion of T cells with certain CDR3 motifs has also been shown in EAE and MS (Matsumoto et al. 2003; Matsumoto 2005) . However, predominant TCR clones derived from expanded Vβ8.2 spectratypes from different diseases frequently possess an identical CDR3 sequence, e.g., the DSSYEQYF sequence present in EAE, the early stage of experimental autoimmune carditis and cardiac allograft rejection Matsumoto 2000) .
In TMEV infection, although susceptibility has been mapped to the Theiler's murine encephalomyelitis virus demyelination-1 (Tmevd-1) gene on chromosome 6 near the TCRβ constant gene (Melvold et al. 1987; Kappel et al. 1991) , it is controversial whether specific TCR Vβ usage or CDR3 motifs are important. Using PCR, Rodriguez et al. (1993) observed no difference in TCR usage in lympho- BeAn, DA SJL/J MHC class II T cell epitope (Kang et al. 2002a) 233-255 BeAn CBA Antibody epitope (Usherwood et al. 1995) 262-276 BeAn CBA Antibody epitope (Usherwood et al. 1995) 262-276 BeAn i.c., s.c SJL/J Antibody epitope (Inoue et al. 1994) 268 DA i.c. SJL/J Antibody neutralizing site (Ohara et al. 1988) VP4 21-40 (25-38) BeAn? ic C57BL/6 CD4 + ELISPOT epitope (Kang et al. 2005) Abbreviation: BeAn BeAn8386, CNS central nervous system, CTL cytotoxic T lymphocyte, DA Daniels strain, ELISPOT enzyme-linked immunospot assay, i.c. intracerebral injection, IFN interferon, i.p. intraperitoneal injection, MHC major histocompatibility complex, s.c. subcutaneous injection, TMEV Theiler's murine encephalomyelitis virus, BeAn? BeAn strain was most likely used in the manuscript, since the research group usually uses BeAn strain in their other manuscripts, although the name of the viral strain was not described in the manuscript cytes infiltrating the CNS between resistant B10.K and susceptible B10.Q or SJL/J mice during acute and chronic phases of DA infection. In addition, similar amplification of TCR Vβs was observed between the spleen and the CNS of both resistant and susceptible mice, indicating no preferential migration of specific T cells to the CNS. However, the same group demonstrated a correlation between an increase in susceptibility to demyelination with a deletion of the TCR Vβ genes in RIIIS/J mice (Rodriguez et al. 1992) . Bahk et al. (1997) suggested that the increased susceptibility to demyelination shown by Rodriguez's group using RIIIS/J mice could be associated with TCR Jβ1-Cβ1 polymorphisms rather than the Vβ deletion. Musette et al. (1995) found no preferential Vβ family usage in spinal cords of TMEVinfected mice, while CDR3 spectratyping analysis suggested clonal expansion of T cells in the spinal cord. In contrast, Kim et al. (1999) analyzed the T cell repertoire reactive to the major pathogenic VP1 epitope region (VP1 233-250 ) using VP1 233-250 -specific T cell hybridomas. Interestingly, close to 50% of the hybridomas used Vβ16, while the CDR3 sequences of the hybridomas were markedly heterogeneous. No restriction was found in the Vα usage. The same group reported that Vβ usage was mainly restricted to Vβ1 and Vβ2 during the acute phase of BeAn infection (Kang et al. 2000) . The diversity in Vβ usage increased gradually and peaked at 35 days after viral infection. Analysis of CDR3 sequences of Vβ1 and Vβ2 TCR amplified from the spinal cord suggested clonal expansion of T cells. The haplotype of the TCRα chain had no significant influence on TMEV-induced demyelination (Kappel et al. 1991; Bahk et al. 1997) .
The mixed results in TMEV infection might be due to the "private specificity" seen in other viral infections, and the use of different TMEV strains. Anti-viral CD8 + T cell responses can be remarkably different even in genetically identical mice (Lin and Welsh 1998; Kim et al. 2005) . Although the LCMV-specific CTL response is highly represented within the Vβ population in B6 mice, spectratypes and sequences of CDR3 regions of CD8 + T cells varied among individual B6 mice. In addition, if the TCR Vβ spectratype is dominated by the CD4 + T cell population, CD8 + T cell spectratypes will not be sufficient to influence the more dominant response associated with the CD4 + T cells in the total T cell population. The advantage of the TCR characterization is that it is applicable to the identification of the pathogenic TCR in human autoimmune diseases and their subsequent TCR-based immunotherapy without knowledge of putative autoantigens (Matsumoto et al. 2003) .
Adhesion molecules
Adhesion molecules play important roles in many aspects of the immune response, including lymphocyte-endothelial cell adhesion, providing a co-stimulatory signal for antigenspecific T cell proliferation and fostering interactions between the APCs and T cells (Tsunoda et al. 2007d) . Blocking the interaction between inflammatory cells and vascular endothelia can block cell entry into tissues, thus preventing harmful inflammatory responses, such as autoimmunity, but could also limit immunosurveillance by antiviral T cells in sites of infection or latency.
In November 2004, the US Food and Drug Administration approved natalizumab (Tysabri®/Antegran®) for the treatment of MS. Natalizumab is a humanized monoclonal antibody raised against α4 integrin, which blocks the engagement of α4β1 integrin, also named very late antigen (VLA)-4 (Léger et al. 1997) . From the clinical trial data, active therapy led to about a 66% reduction in relapse and a marked reduction in the annual rate of relapse (Miller et al. 2003 ). This represented a major advance in the treatment of MS patients, whose treatment options up until that point were limited to agents such as IFN-β (Avonex®, Betaseron®, Rebif®, and Betaferon®), glatiramer acetate (Copaxone®), and mitoxantron (Novantrone®; Verdun et al. 2002) . In addition, treatment of patients with Crohn's disease, an inflammatory bowel disease, with natalizumab increased rates of remission leading to marked clinical improvement (Ghosh et al. 2003 (Finkelstein 1997; Koralnik 2004) . Since VLA-4 is upregulated in memory T cells, treatment with VLA-4 antibody could block the interaction between JC virus-specific CD8 + T cells and endothelium in the CNS, leading to reactivation of JC virus (Du Pasquier et al. 2006 ). Experimentally, VLA-4 antibody treatment has been shown to increase viral titers in the CNS in Semliki Forest virus infection, another mouse model for MS (Smith et al. 2000) .
In TMEV infection, intercellular adhesion molecule (ICAM)-1 and leukocyte function-associated antigen (LFA)-1 are upregulated in the CNS. ICAM-1 was upregulated on the cell surface of microglia, isolated from the brains of SJL mice, following in vitro infection with TMEV ). Both ICAM-1 and vascular cell adhesion molecule (VCAM)-1 were upregulated on the cell surface of astrocytes, isolated from the brains of B6 and SJL mice, following in vitro infection with TMEV; however, the levels of the adhesion molecules were significantly higher in the B6 astrocytes compared to the SJL astrocytes (Carpentier et al. 2008) . Suppression of ICAM-1 and VCAM-1 through administration of the cannabinoid agonist WIN55,212-2 at the time of TMEV infection in turn resulted in the suppression of demyelinating disease in SJL mice (Mestre et al. 2009) 
) or both ICAM-1 and P-selectin (ICAM-1/P-sel −/− ) in genetically resistant mice (B6) affected the recruitment of immune cells to the CNS following intracerebral infection with TMEV as there was a 1.5-to twofold decrease in the numbers of CD4 + and CD8 + T cells in the brains of the adhesion-molecule-deleted mice compare to control mice (Njenga et al. 2004 ). This, however, did not hold true for TMEV-infected B6 mice carrying a deletion in only ICAM-1 (ICAM-1
); the numbers of virus-specific, IFN-γ-producing CD4 + and CD8 + T cells in the CNS of ICAM-1 −/− mice were not changed from control mice (Kang et al. 2005) . Treatment of SJL mice with ICAM-1 or LFA-1 antibodies during the acute phase (days 2 to 14) resulted in suppression of demyelinating disease (Inoue et al. 1997) . However, treatment during the early chronic phase (3 to 4 weeks) showed no effect on demyelinating disease (Rose et al. 1999) . This is in contrast to the results in EAE, where ICAM-1 or LFA-1 antibody treatment exacerbated EAE (Rose et al. 1999) .
Direct viral infection
A direct role for virus in causing demyelination is supported by infection of athymic nude mice, which lack T cells. TMEV has been shown to induce demyelinating disease in nude mice as well as β 2 -microglobulin or MHC class II knockout mice (Roos and Wollmann 1984; Rosenthal et al. 1986 ).
In vitro infection of neuronal cell lines or organotypic cultures has also demonstrated that virus infection alone can induce neuropathology, including apoptosis of neurons (Tsunoda et al. 1997 ) and demyelination. The WW strain of TMEV induces degeneration of neurons and oligodendrocytes with demyelinating lesions 3 and 5 days after infection in both cerebellum and spinal cord organotypic cultures (Wroblewska et al. 1979) . Thus, WW virus can infect oligodendrocytes and produce demyelination in "immune-free" CNS organotypic cultures. Similarly, demyelination and axonal degeneration were observed in a spinal cord slice culture, 17 h after WW or GDVII infection, while demyelination in the WW virus-infected cultures was more pronounced than in cultures infected with GDVII virus (Shahar et al. 1986 ). In vitro studies can mimic many aspects of TMEV infection, such as persistent infection in the mouse macrophage RAW264.7 cell line (Steurbaut et al. 2006) . However, in the above studies TMEV can induce pathology in cerebellum cultures, while the cerebellum is generally preserved in vivo both during the acute and chronic phases of TMEV infection. In addition, TMEV can infect even insect cell lines in vitro (McCright and Fujinami 1997) , while in vivo TMEV can induce disease only in mice.
In T and B lymphocyte-deficient RAG −/− mice, no demyelination was observed after intracerebral injection of TMEV, although only a 3-week survival of these mice may be insufficient for development of demyelination Ure and Rodriguez 2005) . In contrast, TMEV infection resulted in fatal encephalitis within 3 weeks of infection in SCID mice, which are deficient in both humoral and cellular immune responses (Ure and Rodriguez 2005) . In this study, transfer of too few spleen cells did not protect against death and too many cells led to nearly complete viral clearance and little pathology. However, transfer of intermediate numbers of spleen cells resulted in viral persistence and demyelination, an effect independent of both CD4 + and CD8 + T cells. Depleting lymphocytes in TMEV infection as a means of inhibiting demyelination or promoting remyelination can be problematic since it suppresses virus-specific immune responses and increases viral replication in the CNS, leading to a fatal infection or an increase in demyelination. Thus, manipulations designed to reduce immunopathology impact anti-viral immunity and alter viral pathogenesis. In TMEV infection in susceptible mice, a balance between viral replication and immune responses seems to be important in pathogenesis, since immune responses can have both protective and detrimental properties in demyelinating disease (Burt et al. 1999) . Interestingly, in MS, treatment with lymphocyte-depleting antibodies reduces inflammation, but either has no effect on clinical disease or increases disability and worsens magnetic resonance imaging parameters of neuronal pathology.
Conclusion
Although TMEV-induced demyelination has similarities in pathogenesis with an autoimmune model for MS, EAE, these two models have several important differences, such as a requirement for viral persistence, immune responses, neuropathology, and clinical courses. Therefore, the TMEV model can be useful for the testing of new therapeutic strategies specifically in a viral model for MS, particularly for therapies targeting adhesion molecules, axonal degeneration, and immunosuppression, which can be beneficial for pure autoimmune CNS demyelinating diseases, such as EAE, but has been shown to be detrimental in virusinduced demyelinating diseases, including PML.
